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ABSTRACT
Cas A is a Galactic supernova remnant whose supernova explosion is observed to be of Type IIb
from spectroscopy of its light echo (Krause et al. 2008). Having its SN type known, observational
constraints on the mass loss history of Cas A’s progenitor can provide crucial information on the final
fate of massive stars. In this paper, we study X-ray characteristics of the shocked ambient gas in
Cas A using the 1 Msec observation carried out with the Chandra X-ray Observatory (Hwang et al.
2004), and try to constrain the mass loss history of the progenitor star. We identify thermal emission
from the shocked ambient gas along the outer boundary of the remnant. Comparison of measured
radial variations of spectroscopic parameters of the shocked ambient gas to the self-similar solutions
of Chevalier (1982) show that Cas A is expanding into a circumstellar wind rather than into a uniform
medium. We estimate a wind density nH ∼ 0.9 ± 0.3 cm
−3 at the current outer radius of the remnant
(∼ 3 pc), which we interpret as a dense slow wind from a red supergiant (RSG) star. Our results
suggest that the progenitor star of Cas A had an initial mass around 16 M⊙, and its mass before the
explosion was about 5 M⊙, with uncertainties of several tens of percent. Furthermore, the results
suggest that, among the mass lost from the progenitor star (∼11 M⊙), a significant amount (more
than 6 M⊙) could have been via its RSG wind.
Subject headings: ISM: individual (Cas A) — supernova remnants — X-rays: ISM —stars: winds
1. INTRODUCTION
The mass of a star is the most crucial parameter that
governs its structure, evolution and fate. Stellar masses
vary throughout the life of stars: stars are subject to
mass loss by winds and may experience mass exchange
with their companion stars. For massive stars, in par-
ticular, mass loss plays a critical role in their evolution
(e.g., Maeder et al. 2000), but this is a poorly under-
stood part of stellar evolution theory. Mass loss also
profoundly impacts the eventual supernova (SN) explo-
sion (Woosley et al. 2002) and the consequent evolution
of the supernova remnant (SNR). Massive stars, with
their strong ionizing radiation and powerful winds, clear
out a large area around them throughout their lifetime
(e.g., a radius larger than 15 pc for stars earlier than B0;
Chevalier 1999). This implies that the immediate envi-
ronment of a massive star is thus determined by the mass
loss history of the star itself. It further implies that when
the massive star undergoes core-collapse and explodes as
a supernova, the supernova shocks expand inside the cir-
cumstellar structure. In other words, the structure and
the evolution of “young” core-collapse SNRs reflects the
pre-supernova mass-loss history of the progenitors, pro-
viding observational constraints on the nature of their
progenitor stars.
Observations have established that Type II-P SNe are
produced when stars with initial masses in the range
8 – 17 M⊙ undergo core collapse during their red su-
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pergiant (RSG) phases (Smartt et al. 2009). On the
other hand, the origin of other types of SNe is still not
well established. Single-star evolutionary models such
as those by Heger et al. (2003) predict stars with initial
masses & 30M⊙ will completely shed their hydrogen en-
velopes to become Wolf-Rayet (WR) stars, and explode
as Type Ib/c SNe. The observed statistics of SNe types,
however, does not seem consistent with such models (e.g.,
see the discussion in Smith et al. 2011). Of particular in-
terest is the fate of stars with initial masses of 17 – 30
M⊙, as they do not seem to produce Type II-P SNe.
Some of them may explode during the RSG phase pro-
ducing Type II-L, IIb, or IIn SNe. But observational
constraints are indirect and weak. Also, the fate of mas-
sive stars may be complicated by binary interactions.
For a star that undergoes a SN explosion during the
RSG phase (or soon after it evolved past the RSG phase),
its remnant will primarily interact with the surround-
ing RSG wind. Existence of such an RSG wind has
been suggested for SN 1987A (Chevalier & Emmering
1989; Sugerman et al. 2005), where its RSG phase was
followed by a blue supergiant phase during which the
SN explosion occurred. The extent of the RSG wind
would be determined by the location where the ram pres-
sure of the wind equals the pressure of the surrounding
medium. A radius of 5 pc is estimated for a canoni-
cal case (Chevalier 2005, M˙ = 5 × 10−5M⊙ yr
−1, vw =
15 km s−1, p/k = 104cm−3 K). Thus, the interaction of
the SNR with the RSG wind can last for thousands of
years. The Galactic core-collapse SNR G292.0+1.8 is
likely an example that is currently interacting with the
RSG wind of its progenitor (Lee et al. 2010, LEE2010
hereafter). By analyzing the X-ray emission from the
outer shock region of this ∼ 3000 year-old SNR with the
Chandra X-ray observatory, we found that the remnant
has been expanding inside a wind. The estimated wind
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density (nH = 0.1 ∼ 0.3 cm
−3) at the current outer ra-
dius (∼ 7.7 pc) of the remnant is consistent with a slow
wind from an RSG star.
Cas A, one of the best studied Galactic SNRs, also
appears to be interacting with its RSG wind. At its
age of about 330 yrs (Thorstensen et al. 2001, and ref-
erences therein), its morphology and expansion rates
are consistent with a model SNR interacting with a
RSG wind (Chevalier & Oishi 2003). It is also found
that the observed characteristics of the X-ray ejecta
knots are consistent with Cas A expanding into a wind
(Laming & Hwang 2003; Hwang & Laming 2009). On
the other hand, the direct identification of shocked RSG
wind has been limited. The remnant contains slow mov-
ing shocked circumstellar clumps, called quasi-stationary
flocculi (QSF). While earlier studies suggested that these
could be fragments of the RSG shell swept-up by the
later Wolf-Rayet wind, more recent studies favor that
these are more likely dense clumps in the RSG wind
(Chevalier & Oishi 2003). While observations have re-
vealed detailed physical properties of these QSFs, the
global characteristics of the RSG wind have not been
well established so far.
The characteristics of the wind surrounding Cas A, i.e.,
the mass loss history of the progenitor of Cas A, is par-
ticularly pertinent as we know the supernova spectrum
of Cas A at the time of its explosion from the light echo
observations (Krause et al. 2008; Rest et al. 2011). The
SN spectrum of Cas A shows that it is remarkably similar
to that of SN 1993J, a prototypical Type IIb SN whose
progenitor is likely an RSG star (Nomoto et al. 1993).
In this paper, we study the circumstellar environment
of Cas A and try to constrain the mass loss history
of the progenitor star. The basic method is similar to
the one we applied to G292.0+1.8 in LEE2010, although
here we use the 1 Msec Chandra observation of Cas A
(Hwang et al. 2004). The data are briefly summarized in
Section 2. In Section 3, we describe our detection of ther-
mal X-ray emission from the shocked ambient gas and
study its spectral characteristics. In Section 4, we show
that the observed characteristics of the shocked ambient
gas are consistent with those expected from a shocked
RSG wind. Then the implication of our results on the
nature of the progenitor star (Section 5) and cosmic ray
acceleration (Section 6) is discussed. Section 7 summa-
rizes our results.
2. DATA
Cas A was the first light target of the Chandra X-ray
Observatory (Hughes et al. 2000), and has been observed
multiple times with Chandra. A one million second ex-
posure of Cas A was obtained with the ACIS-S3 detec-
tor on board Chandra in 2004 (Hwang et al. 2004). We
use this one million second Chandra observation in our
study. The 1 Msec observation data consist of 9 separate
ObsIDs (4634, 4635, 4636, 4637, 4638, 4639, 5196, 5319
an 5320) with their exposure time ranging between ∼40
ks and ∼170 ks. We reprocessed the level 1 event files
to create new level 2 event files. We applied parame-
ters of the standard Chandra pipeline process. CIAO 4.5
and CALDB 4.5.7 were used for all the reprocessing and
analysis.
3. ANALYSIS
3.1. Imaging Analysis
The X-ray emission from Cas A is dominated by emis-
sion from shocked metal rich ejecta (Figure 1(a)). Non-
thermal filaments are seen along the outer boundary of
Cas A, which are synchrotron emission from the TeV
electrons accelerated at the shock front (Reynolds 2008,
for a recent review). On the other hand, our study fo-
cuses on diffuse thermal emission from the shocked cir-
cumstellar gas that is expected to be fainter than the
nonthermal emission. Although non-thermal X-ray fila-
ments are seen along most of the outer boundaries, there
are regions with weak non-thermal emission, especially
in the northwest. The X-ray emission in these regions
shows no prominent limb-brightening, and we suspect
that this is emission from shocked circumstellar wind.
The identification of the X-ray emission from shocked
wind in Cas A is complicated not only due to non-thermal
filaments but also due to contamination from ejecta emis-
sion. Furthermore, for the faint emission from shocked
circumstellar gas, non–uniform backgrounds could be
problematic. We consider two background components
that are spatially varying, thus hindering the identifica-
tion of the emission from the shocked circumstellar gas;
they are out-of-time events 6 along the CCD readout di-
rections and a dust-scattered X-ray halo around bright
sources (Overbeck 1965). In Cas A, both background
components originate primarily from the bright ring of
the shocked metal-rich ejecta, whose radius is about three
quarters of the outer radius of the remnant. In the fol-
lowing, we describe our attempt to remove these two
non-uniform background components. We note, how-
ever, that our intention of removing background com-
ponents is to improve the “imaging” analysis of the faint
emission from the outer shock region. For our spectral
analysis, we use original data.
To remove the contamination from out-of-time (OOT)
events, we create OOT event files from level 1 event files
following the method outlined in the M. Markevitch’s
script make readout bg7. In short, this method substi-
tutes chip-y (the readout direction) values of each event
in the original level 1 event list with random ones, and
processes them identically to the original event files (we
refer them as OOT event files). From these OOT event
files, we create OOT images. Then, the OOT images
are subtracted from the image created using the original
event files scaled for the ratio of the readout time over the
frame time (0.041/3.2), resulting in the OOT-subtracted
images.
The second background component considered is the
dust-scattered X-ray halo emission, which is formed
around an X-ray source due to small angle scattering by
foreground dust particles (Mauche & Gorenstein 1989;
Predehl & Schmitt 1995). Physical modeling of such
emission, especially for an extended source, is compli-
cated. It depends on the distribution of dust along the
line-of-sight and the energy of the X-ray photons. In-
stead, a simple approach is adopted, where the spatial
distribution of the halo emission is modeled as Gaus-
sian profile around the source. In other words, the
dust-scattered halo emission is estimated by ordinary
6 http://cxc.harvard.edu/proposer/POG/html/chap6.html#sec:trailed-images
7 http://cxc.harvard.edu/contrib/maxim
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Fig. 1.— (a) Three-color image of Cas A with red for 1.78−2.0 keV, blue for 6.52−6.95 keV, and green for 4.2−6.4 keV. The energy
range for each color is adopted from Figure 1 of Hwang et al. (2004). (b) Unprocessed Chandra image (4.2–6.4 keV) of Cas A. The image
is smoothed with Gaussian beam of FWHM=4.5′′for better visualization. (c) Same Chandra image as in the left but with the out-of-time
events subtracted (see the text for details). (d) Same Chandra image as in the center but the estimated dust scattered halo emission
subtracted (see the text for details). This final image reveals the existence of faint emission (orange–ish color outside saturated black) that
extends beyond the non-thermal filaments, especially in northwestern region. A boundary of this faint emission in the east is indicated
with an arrow. The color scale is selected to better reveal the faint structures, and bright features in the inner area are mostly saturated
to black.
Gaussian-convolution of the source image. The OOT-
subtracted image is smoothed with a Gaussian kernel of a
certain width, then scaled and subtracted from the origi-
nal OOT-subtracted image. The width of the kernel and
the scaling factor were adjusted until the resulting im-
age has the most flat background. The flatness is simply
measured as a standard deviation of regions well outside
the remnant. This approach gives a poor approxima-
tion of the real halo emission near the source. However,
we find that this provides a reasonable approximation for
the outer regions that we are interested in.
The steps of background subtraction are illustrated
in Figure 1. The dominant background contribution in
the original image (Figure 1(b)) is the OOT contribu-
tion seen along the direction of northwest to southeast
which is the readout direction. The OOT contribution is
effectively removed in the OOT-subtracted image (Fig-
ure 1(c)) while the remaining halo emission is clearly visi-
ble. And we see that the halo contribution is significantly
reduced in our final image (Figure 1(d)). This final im-
age clearly reveals the existence of faint emission that
extends beyond the non-thermal filaments, especially in
northwestern region. We note that the results depend
on the chosen energy band to some degree and better
subtraction was obtained when high energy bands above
3 keV are used. However, as long as the energy range
is high enough to be insensitive to foreground absorp-
tion and broad enough to be dominated by continuum
emission, the results are similar regardless of the chosen
energy range. In this paper, the energy range of 4.2 – 6.4
keV is adopted.
The faint emission and its boundary is not likely an ar-
tifact of our background subtraction as our background
subtraction only affects large scale structures. For ex-
ample, the width of the Gaussian kernel applied to re-
move dust–scattered halo is about 1′. To further test
if the faint emission is real, we extract radial intensity
profiles in several regions from the original image and
also from the background-subtracted image. In Fig-
ure 2, we reproduce Figure 1(d) in false-color with differ-
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ent contrast. We also mark the explosion center (α2000
= 23h 23m 27.s77, δ2000 = 58
◦ 48′ 49.′′4) of the remnant
from Thorstensen et al. (2001), which is adopted as the
remnant center throughout this paper. White lines in
Figure 2 are the regions where the radial profiles are
extracted (these regions are associated with the regions
where spectra are extracted in Section 3.2), and their
radial profiles are shown in Figure 3. For each profile
in Figure 3, we mark the locations of the outer shock
front that we visually identified from the background-
subtracted image (Figure 2). We find that the profiles
extracted from the original image do show changes in
their slope across the proposed boundaries, indicating
they are real. As will be discussed in the next section,
spectra of these regions confirm their ambient origin.
Figure 2 (and Figure 1) reveal the existence of faint
diffuse emission marking the outer boundary of Cas A.
We note that this emission, in projection, often extends
beyond the nonthermal filaments (bright filamentary fea-
tures near the boundary). The nonthermal emission is
relatively weak along the western boundary where the
emission shows a faint plateau. In contrast to the non-
thermal filaments, little hint of limb-brightening is seen
in this region. In fact, the surface brightness tend to in-
crease inwardly from the boundary, if the contribution
of nonthermal filaments is neglected, as demonstrated in
Figure 3. For example, the radial profile for position an-
gle of 256◦ clearly indicates its surface brightness grad-
ually increase from its suggested boundary around 3.′2
inwardly to radius of 2′. The local peak around 2.′9 is
due to the nonthermal filament. A similar behavior can
be noticed from other radial profiles in Figure 3. Thus,
the emission shows no significant limb-brightening and
its surface brightness increases inward from the outer
boundary. These characteristics are expected from the
thermal emission of the shocked ambient gas when the
remnant is expanding into a wind, as demonstrated in
the case of G292.0+1.8 (LEE2010). Therefore, this faint
structure provides promising evidence of emission fea-
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Fig. 2.— Background subtracted Chandra image (4.2–6.4 keV)
of Cas A smoothed with Gaussian beam of FWHM=4.5′′. This is
the same image as Figure 1(d), but with a slightly different color
scale. Solid white lines are the areas where the radial profiles in Fig-
ure 3 are extracted. They are shown as thin black dashed lines out-
side the remnant for clarity. Associated labels mark their position
angles. The plus sign marks the adopted explosion center of Cas A
(α2000 = 23h 23m 27.s77, δ2000 = 58◦ 48′ 49.′′4; Thorstensen et al.
2001).
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along the several regions shown in Figure 2. The black lines are
from the original image and the gray lines are from the background
subtracted image. The left panels show the radial profile in a log-
log scale. The right panels show the same radial profiles in a linear-
linear scale for the region near the outer boundary (marked as gray
boxes on the left panes). The locations of the outer boundary
visually identified from Figure 2 are marked as vertical dashed
lines.
tures from a shocked circumstellar wind.
3.2. Spectral Analysis
We extract spectra from several regions around the
outermost boundary believed to be dominated by ther-
mal emission of shocked ambient gas. The extraction
regions are shown in Figure 4 and the corresponding
spectra are shown in Figure 5. We selected regions
with little contamination from the ejecta emission and
the nonthermal emission. The spectra are extracted
from the original event files, thus the processes described
in Section 3.1 do not apply for the spectral analysis.
Instead, the background spectrum is extracted from a
nearby region outside the remnant boundary, typically
about 10′′away from the source region. The scale length
of the halo emission near the boundary, estimated from
the width of the Gaussian kernel we used to subtract
the scattering halo, is about 1′. Therefore, local back-
ground spectra (within 10′′) will be effective in removing
the halo component from the source spectra. The OOT
contribution is significant only if the readout direction
of the source region intersect with bright emission in the
remnant center. The OOT contribution for spectra for
PA=6, 32, 198, 256 should be insigficant. For spectra for
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PA=290 and 158, their background regions are selected
along their readout direction so that they have a similar
OOT contribution as the corresponding source regions.
Therefore, contributions from the OOT event and the
halo component should be insignificant in our spectral
analysis. The spectra of these regions clearly show sil-
icon and sulfur lines. The overall spectral slope in the
hard parts of our spectra is also softer than that of the
nonthermal filament (an example spectrum of nonther-
mal filament is also shown in Figure 5 for a comparison).
Therefore, we conclude that the X-ray emission we have
extracted is dominated by a thermal component.
The extracted spectra are fit with a single nonequi-
librium ionization plane-parallel shock model (vpshock
in Xspec v12, Borkowski et al. 2001) with varying abun-
dances. The spectra are not binned; instead we use Chu-
razov weighting (Churazov et al. 1996). The net pho-
ton count for each spectrum is between 5,000 and 20,000
photons. The best fit models are overlaid in Figure 5.
We find that a single vpshock model adequately fits the
observed spectra. The fitted abundances are similar to
or less than the solar values. A similar low abundance
pattern has been also found from the outer shock of
G292.0+1.8 (LEE2010). Therefore we suggest that the
faint emission we see is thermal emission from shocked
ambient gas. In Table 1, we summarize the fit parameters
for each regions, sorted by their position angle (P.A.).
It is possible that there is some contribution from the
nonthermal emission, and any residual nonthermal com-
ponent would affect the fit parameters. We note that
fitting the spectra with additional powerlaw component
(with its photon index fixed at 2.5 from the fit to nearby
nonthermal filaments) decreases the fitted temperature
while increasing the ionization time scale, but other pa-
rameters remain consistent within their error ranges.
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Fig. 4.— Regions from which the azimuthal spectra in Figure 5
are extracted. The regions are labeled by their position angles from
the remnant center.
In Figure 6, we compare spectral parameters of each re-
gion as a function of their position angles. The absorbing
hydrogen column densities and electron temperatures are
given from the spectral fit. The densities are estimated
from the fitted volume emission measures. The volume
corresponding to each region is calculated by pixel-by-
pixel integration of the path-lengths over the projected
area. In this calculation, we assumed a sphere centered
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Fig. 5.— Extracted Chandra spectra of the outer faint regions
in Figure 4 and their best fit models. The bottom spectrum is
from the nonthermal filament also marked in Figure 4, shown for
comparison.
at the assumed center of the remnant at a distance of
3.4 kpc (Reed et al. 1995). The radius of the sphere is
separately determined for each region as the projected
distance of the farthest (from the assumed center of the
remnant) pixel in the region. The absorbing hydrogen
column densities seem relatively low in the north com-
pared with other directions, which seems consistent with
the results of Hwang & Laming (2012). On the other
hand, we could not see a clear azimuthal trend in the
electron temperatures and the hydrogen densities. Sim-
ilarly, Figure 7 shows variation of the electron tempera-
tures and the hydrogen densities of each region as a func-
tion of their distance from the remnant center. No clear
indication of radial trends is noticed although the radius
range that we are sampling is rather limited (2.7′ . R
. 3.2′).
As has been demonstrated in the case of G292.0+1.8
(LEE2010), one can investigate the radial structure of
the “shocked” ambient gas to test whether the gas is
of interstellar origin or of circumstellar origin. We note
that the radial structure we are considering here is qual-
itatively different from what is shown in Figure 7, which
represents characteristics of “multiple” shocks of differ-
ent directions (and at different radii from the center). By
radial structure, we mean radial variations of gas charac-
teristics behind “a” shock, which represents accumulated
history of shock propagation. Investigating the nature of
ambient gas from the radial structure behind a shock re-
quires a radial series of spectra that covers large enough
radial range to test different models. We select regions
in the northwestern boundary where emission from the
nonthermal filaments is insignificant. Figure 8 shows the
regions where we extract the radial series of spectra. We
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TABLE 1
X-ray spectral parameters of the regions used in the azimuthal analysis.
P.A.† Area NH kTe norm net Ne Mg Si S Ca Fe reduced χ
2‡
[◦] ′′2 [1022 cm−2] [keV] [10−19 cm−5] [1011 cm−3s]
6 399 0.9+0.1−0.1 2.3
+0.3
−0.3 9.7
+2.1
−1.5 1.9
+0.7
−0.5 0.2
+0.3
−0.2 0.2
+0.1
−0.1 0.4
+0.1
−0.1 0.3
+0.1
−0.1 0.0
+0.6
−0.0 0.2
+0.2
−0.1 0.90
32 655 1.0+0.1−0.1 2.1
+0.1
−0.2 22.7
+1.5
−1.8 1.5
+0.3
−0.3 0.0
+0.1
−0.0 0.1
+0.1
−0.0 0.3
+0.1
−0.1 0.1
+0.1
−0.1 0.8
+0.7
−0.7 0.1
+0.0
−0.1 1.03
158 269 1.9+0.3−0.3 2.2
+0.4
−0.4 8.6
+2.0
−1.9 1.5
+0.5
−0.3 0.0
+1.7
−0.0 0.5
+0.5
−0.2 0.7
+0.2
−0.2 0.5
+0.2
−0.2 0.0
+1.2
−0.0 0.9
+0.5
−0.5 1.01
198 228 1.2+0.5−0.2 2.3
+0.4
−0.4 8.1
+3.2
−1.6 1.9
+1.9
−0.8 0.2
+0.5
−0.2 0.1
+0.1
−0.1 0.2
+0.1
−0.1 0.2
+0.8
−0.2 0.3
+0.8
−0.3 0.0
+0.4
−0.0 0.94
256 645 1.6+0.3−0.2 2.2
+0.4
−0.3 17.3
+5.6
−3.0 2.0
+0.6
−0.4 0.0
+0.8
−0.0 0.5
+0.2
−0.2 0.9
+0.3
−0.2 0.7
+0.1
−0.2 0.9
+0.8
−0.9 0.0
+0.2
−0.0 1.11
290 655 1.3+0.2−0.1 1.8
+0.1
−0.2 34.7
+5.8
−3.9 4.0
+0.9
−0.9 0.0
+0.5
−0.0 0.4
+0.2
−0.1 0.5
+0.1
−0.1 0.3
+0.1
−0.1 0.6
+0.5
−0.5 0.4
+0.2
−0.1 1.02
† Position angles to each region are measured east of north from the geometrical center.
‡ For all individual spectra, the degree of freedom (ν) is 454.
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sities (bottom) from the spectral fits of the outermost regions in
Figure 5.
allow the area of the regions to increase outwardly to
compensate for decreasing surface brightness. Again, the
background spectra are extracted from the regions right
outside the shock boundary. In the inner region away
from the shock boundary, the contribution of the OOT
events and the halo emission may remain in the source
spectra. However, we do not think this significantly af-
fects our analysis because, as will be shown later, the
emission from the CSM itself is much stronger in this in-
ner region. The spectra of individual regions are first fit
independently as in the azimuthal analysis. The fitted
metal abundances are found to be less than those of so-
lar values, even in the bright innermost region well inside
the remnant boundary. This suggests that most emission
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Fig. 7.— Electron temperatures (top) and the postshock den-
sities (bottom) from the spectral fits of the outermost regions in
Figure 5 are plotted as a function of their radial distances from the
center. If Cas A is expanding inside a wind, the radial variation
of postshock density in this figure will follow the preshock density
profile scaled by the shock compression ratio. The solid line is
the best fit model with a simple wind profile (ρ ∝ r−2) and the
gray area represents the formal error of the fit for 90% confidence
interval.
(if not all) of our selected regions is from shocked ambi-
ent gas. The fitted absorbing column densities (NH) of
these regions were consistent within their uncertainties.
We consider that the variation of NH in this small patch
of the sky is negligible compared to uncertainties in the
fit parameters and we refit the whole set of spectra with
NH fixed at the value of 1.2 × 10
22 cm−2, an average
from the independent fits. Figure 9 shows a selected
sample of the spectra from these regions and their best
fit models. And the fit results are summarized in Ta-
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ble 2 and plotted in Figure 10. From Table 2, one can
easily notice that the ionization time scale (ne × t) in-
creases significantly with distance inward from the shock.
As such a trend is expected for material behind a shock
that is moving outward, this confirms that the emission
is from shocked ambient gas. It is also clear that the ob-
served emission measure monotonically increases toward
the remnant center. On the other hand, the variation
of the electron temperature is complicated. In the inner
regions (radius smaller than 2.5′), we see a clear ten-
dency of inwardly decreasing electron temperature. But
the temperature remains more or less flat in the outer
regions (radius between 2.5′ ∼ 3.0′). For some elements
(e.g., Ne, Mg, and Si), their abundances are higher for
the inner regions. However, it is not clear whether this
trend is real or is due to some systematic uncertainties.
The radial structure behind the shock will be further dis-
cussed in the next section.
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Fig. 8.— Zoomed view of the northwestern part of Figure 2 with
regions for the radial spectral analysis marked as white boxes.
4. NATURE OF THE AMBIENT GAS
The radial structure of the shocked ambient gas can
trace the radial density structure of the medium into
which the remnant is expanding. Chevalier (1982) found
self-similar solutions for the interaction of expanding stel-
lar ejecta (ρ ∝ r−n, n > 5) with an external medium
(ρ ∝ r−s) where s and n are the power law indices of
the density profile for ambient gas and for the ejecta, re-
spectively: a remnant expanding in a uniform ambient
medium (s = 0) would result in an inward-decreasing
density and an inward-increasing temperature profile of
shocked ambient gas, while a remnant expanding in a
medium with a wind profile (s = 2) would show an
inward-increasing density and an inward-decreasing tem-
perature. The primary effect of n (the density structure
of the ejecta) to the solution is a change in the distance
between the forward shock and the contact discontinuity,
and does not fundamentally change the overall behavior.
Therefore, by studying the current radial profile of the
density and temperature of shocked ambient gas, one can
infer whether the SNR has been expanding in a density
gradient. The utility of this method has been success-
fully demonstrated in our study of Galactic core-collapse
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Fig. 9.— Sample of Chandra spectra extracted from regions
for the radial analysis in Figure 8. The uppermost spectra corre-
sponds to the innermost region, and the lowermost spectra to the
outermost region. Their best fit models are also shown.
SNR G292.0+1.8 (LEE2010).
For Cas A, previous studies suggested that the rem-
nant is expanding within its wind. Chevalier & Oishi
(2003) finds its morphology and expansion rates being
consistent with a model SNR interacting with a RSG
wind. This is also supported by the observed character-
istics of the X-ray ejecta knots (Laming & Hwang 2003;
Hwang & Laming 2009). The X-ray surface brightness in
Figure 3 show a gradual increase inward from the outer
boundary. The increase of surface brightness is likely due
to the increase in emission measure, which is expected
when the remnant is expanding within a wind (s = 2).
This can be more directly confirmed from our radial spec-
tral analysis. In Figure 10, we overlay model predictions
for the radial structure of the temperature and emission
measure on top of the observed ones. We adopt the self-
similar solutions of Chevalier (1982) and project them
assuming a spherical geometry. As in LEE2010, the pro-
jected temperature is taken as an average temperature
along the line of sight weighted by density squared, ignor-
ing the variation in the intrinsic emissivity of the gas at
different temperatures. The increasing emission measure
toward the remnant center is the behavior expected for
the remnant expanding inside a wind and we find that the
observation is well represented by self-similar solutions
with s = 2 and 6 < n < 7. The temperature variation
is not consistent with any of the models, although the
decrease in temperature in the inner part (R . 2.5 pc)
is what is expected in the s = 2 models. As will be dis-
cussed below, direct comparison between the observed
and predicted temperatures is difficult due to compli-
cated shock physics, especially near the shock front. On
the other hand, the fact that the observed variation of
the emission measure is in good agreement with models
of s = 2 clearly suggest that the density of the ambi-
ent gas radially decreases, which confirms that Cas A
has been expanding inside the wind. While our data
suggest a power-law index n of ejecta between 6 and 7,
this may not be a reliable estimate as has been discussed
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TABLE 2
X-ray spectral parameters of the regions used in the radial analysis.
Distance Area kTe norm net Ne Mg Si S Ca Fe reduced χ2†
[
′
] ′′2 [keV] [10−19 cm−5] [1011 cm−3s]
2.22 69 1.5+0.1−0.1 85.4
+6.6
−3.8 9.2
+1.6
−1.2 0.7
+0.2
−0.2 0.8
+0.1
−0.1 0.8
+0.1
−0.1 0.7
+0.1
−0.1 0.6
+0.3
−0.3 0.4
+0.1
−0.1 1.24
2.26 82 1.4+0.1−0.1 92.5
+5.0
−5.8 10.6
+1.3
−1.4 1.0
+0.3
−0.2 0.8
+0.1
−0.1 0.7
+0.1
−0.1 0.7
+0.1
−0.1 0.6
+0.8
−0.6 0.3
+0.1
−0.1 1.29
2.30 97 1.5+0.1−0.1 65.8
+5.6
−4.5 6.0
+1.0
−0.7 1.0
+0.3
−0.2 0.7
+0.1
−0.1 0.6
+0.1
−0.1 0.6
+0.1
−0.1 0.4
+0.3
−0.3 0.3
+0.1
−0.1 1.36
2.34 111 1.6+0.1−0.1 45.6
+4.2
−4.5 5.6
+1.0
−0.8 1.1
+0.2
−0.3 0.8
+0.2
−0.1 0.8
+0.1
−0.1 0.6
+0.1
−0.1 0.8
+0.8
−0.8 0.4
+0.1
−0.1 0.99
2.39 125 1.8+0.1−0.1 31.9
+3.0
−2.7 4.1
+0.8
−0.6 0.7
+0.3
−0.3 0.5
+0.1
−0.1 0.6
+0.1
−0.1 0.5
+0.1
−0.1 0.3
+0.8
−0.3 0.4
+0.1
−0.1 1.01
2.44 142 2.1+0.1−0.1 25.5
+2.4
−2.0 3.7
+0.7
−0.6 0.4
+0.3
−0.3 0.6
+0.1
−0.1 0.6
+0.1
−0.1 0.5
+0.1
−0.1 0.0
+0.4
−0.1 0.4
+0.1
−0.1 1.01
2.50 160 2.3+0.2−0.1 21.9
+1.7
−1.8 3.8
+0.8
−0.6 0.5
+0.4
−0.3 0.6
+0.1
−0.1 0.5
+0.1
−0.1 0.3
+0.1
−0.1 0.2
+0.5
−0.2 0.4
+0.1
−0.1 1.19
2.56 177 2.1+0.1−0.2 16.3
+2.4
−2.0 3.1
+0.9
−0.6 0.7
+0.5
−0.4 0.4
+0.2
−0.1 0.5
+0.1
−0.1 0.2
+0.1
−0.1 0.0
+0.5
−0.1 0.4
+0.1
−0.1 0.94
2.63 197 2.0+0.1−0.1 24.7
+2.2
−2.4 2.6
+0.5
−0.4 0.0
+0.3
−0.1 0.2
+0.1
−0.1 0.3
+0.1
−0.1 0.2
+0.1
−0.1 0.2
+0.5
−0.2 0.4
+0.1
−0.1 1.01
2.71 217 2.3+0.2−0.2 22.0
+1.9
−1.8 2.2
+0.5
−0.4 0.2
+0.3
−0.2 0.2
+0.1
−0.1 0.3
+0.1
−0.1 0.2
+0.1
−0.1 0.0
+0.3
−0.1 0.3
+0.1
−0.1 1.01
2.79 240 1.8+0.1−0.2 17.7
+2.9
−2.3 3.6
+1.8
−1.1 0.9
+0.8
−0.6 0.3
+0.2
−0.1 0.3
+0.1
−0.1 0.1
+0.1
−0.1 0.2
+0.7
−0.2 0.2
+0.1
−0.1 0.96
2.87 260 1.8+0.3−0.2 14.6
+3.0
−3.1 2.8
+1.6
−0.8 0.8
+0.8
−0.5 0.3
+0.2
−0.1 0.3
+0.1
−0.1 0.3
+0.2
−0.1 0.9
+0.8
−0.8 0.1
+0.2
−0.1 0.91
2.96 288 1.9+0.3−0.2 10.6
+2.2
−2.2 3.8
+4.4
−1.7 0.7
+1.2
−0.7 0.3
+0.8
−0.3 0.3
+0.8
−0.3 0.0
+0.2
−0.1 0.8
+1.0
−0.8 0.1
+0.2
−0.1 0.96
† For all individual spectra, the degree of freedom (ν) is 455.
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Fig. 10.— Fitted electron temperatures and emission measures
for the radial series of spectra from Figure 9, plotted as a function of
their radial distances from the center. Lines are model predictions
from Chevalier (1982; see Section 4 for more details) for different
sets of parameters, where s and n are power-law indices for the
density profile of the ambient medium and of the expanding ejecta,
respectively. The temperatures and emission measures of the model
predictions have been scaled to match the observed values. The
inset of the bottom panel shows the same data with different scales.
For the models of s = 0, the contact discontinuity is marked by
cusps in the temperature profile. For the models of s = 2, the
contact discontinuity is where the temperature drops to zero and
the emission measure diverges to infinity.
in LEE2010. We note, however, that Laming & Hwang
(2003) studied ejecta emission in Cas A and found n be-
tween 6 to 7.
The temperatures from our X-ray spectral fits are elec-
tron temperatures, while the temperatures of the models
are ion temperatures. These two can differ considerably
in non-radiative shocks faster than 1000 km s−1 (e.g.,
Ghavamian et al. 2007, and references therein). The
shock velocity measured from the proper motion of non-
thermal filaments is about 5000 km s−1 (DeLaney et al.
2004), while the measured electron temperature ranges
between 2 to 2.5 keV (Table 1). This corresponds to
Te/Tp = 0.05, assuming all the shock energy has con-
verted into the energy of the ordinary gas (i.e., no cosmic
ray acceleration; however, see Section 6). Previous stud-
ies suggested that, for fast shocks (vs & 1000 km s
−1),
the temperature equilibration between electrons and pro-
tons are low (Te/Tp . 0.1) and possibly scales with v
−2
(Ghavamian et al. 2007). The observed electron temper-
ature in Cas A and its inferred Te/Tp, assuming no cos-
mic ray acceleration, seems to be consistent with ob-
served values of other SNRs. Since it is known that
there is CR acceleration in Cas A, it is likely that the
observed low electron temperature is partially due to
an efficient cosmic ray acceleration at the forward shock
(e.g., Vink & Laming 2003). Nevertheless, the measured
electron temperature is likely not to trace the tempera-
ture expected from the self-similar solutions of Chevalier
(1982) and the discrepancy between the models and the
observed values likely represent incomplete physics of the
self-similar models we used. However, while efficient cos-
mic ray acceleration may affect some of our results, e.g,
estimated preshock densities, we do not consider the ef-
fects to be highly significant in the sense that they will
not invalidate our primary result that Cas A has been
expanding inside its wind.
The properties of shocked ambient gas we estimated in
Section 3.2 are therefore the properties of wind material.
The measured postshock densities in Figure 7 are from
regions around the outermost boundary for different po-
sition angles, and the self-similar solutions of Chevalier
(1982) show that the density remains flat near the shock
front. Thus, we conclude that these measured densi-
ties closely approximate wind densities at the location
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of the forward shock, scaled by the assumed postshock
compression ratio. We emphasize that the postshock
density is not affected by asymmetry of the ejecta and
is only dependent on the wind density (and compres-
sion ratio). We note however that the wind might have
not been completely spherical and its characteristics may
vary gradually from pole to equator.
Fitting the observed densities in Fig. 7(b) with a simple
spherically symmetric wind profile assuming a constant
postshock compression ratio of 4 gives a wind density
profile of
nH = 0.89
(
r
3 pc
)−2
cm−3.
The formal error from the fit (for 90% confidence inter-
val) is about 5%. However, given the scatter of den-
sity values for individual regions, which may reflect the
asymmetric nature of the wind, an error of 30% would
be more realistic. The inferred density profile of Cas A
corresponds to the mass loss rate of
M˙ = 2.5× 10−5 (
vw
10 km s−1
)M⊙ yr
−1.
where vw is the wind velocity. The mass loss rate is too
large to be that of the WR wind (M˙ > 10−3M⊙ yr
−1 for
vw > 1000 km s
−1) and consistent with that of the RSG
wind estimated from SNe studies (e.g., Sramek & Weiler
2003). Therefore, our results support that Cas A is cur-
rently expanding within the RSG wind. Using the mor-
phology and expansion rates of Cas A, Chevalier & Oishi
(2003) estimated explosion energy (E) and the total mass
of the ejecta (Me), but as a function of the wind den-
sity. Substituting our observed wind density, we get
E = 5 × 1051 erg and Me = 4M⊙. The mass of the
swept-up wind is calculated by the volume–integration
of the wind density profile within the current radius of
the remnant, which is around 6M⊙. For all these es-
timates, their uncertainties appear to be dominated by
the uncertainties of the numerical coefficients in the re-
lation derived by Chevalier & Oishi (2003), which were
suggested to be ∼ 50%, and these estimates may be fur-
ther subject to systematic uncertainties. For example,
these values are calculated assuming the RSG wind had a
constant mass loss rate, and will be affected by any possi-
ble time variation of the mass loss rate. It was proposed
that the dense wind of Cas A may not have extended
directly to the surface of the progenitor star and that
Cas A might have exploded into a low density bubble
(e.g., Krause et al. 2008). However, Schure et al. (2008)
and Hwang & Laming (2009) found that the size of the
bubble, if it existed, would not have been larger than 0.3
pc, which is significantly smaller than the current radius
of Cas A (∼ 3 pc). Therefore, the effect of the bubble
on our estimates does not seem significant. Vink et al.
(1996) and Favata et al. (1997) derived a total swept up
mass ranging from 5 to 9 M⊙ using the global X-ray
spectrum of Cas A. While this is in agreement with ours,
the mass estimates based on the fits to the global X-ray
spectrum may suffer from uncertainties due to the spa-
tial variation of X-ray spectra and the contribution from
shocked ejecta. Hwang & Laming (2012) independently
estimated an explosion energy of 2.4×1051 erg and ejecta
mass of 3.1M⊙, both values of which are smaller than our
nominal estimates. However, the estimated uncertainties
in our estimates based on the approximate solutions from
Chevalier & Oishi (2003) are as large as 50%. Coupled
with uncertainties in the total X-ray emitting mass and
filling factor used in the estimates by Hwang & Laming
(2012), we consider the two results to be compatible.
5. PROGENITOR OF Cas A
A lower limit on the progenitor’s initial mass can be
estimated by combining all the masses associated with
Cas A. If we combine the shocked wind mass (& 6 M⊙),
the ejecta mass (4 M⊙), and the mass of the neutron
star (∼ 1.4 M⊙), we estimate the initial mass of the pro-
genitor to be larger than 11 M⊙. Another estimate of
the initial mass comes from the SN type of Cas A. The
SN spectra of Cas A observed by the light echos show
that they can be classified as arising from a Type IIb SN
(Krause et al. 2008; Rest et al. 2011). Such SNe origi-
nate from the core collapse of massive stars that have
lost most of their hydrogen envelopes and consist of a
nearly bare helium core at the time of its collapse. Thus
the He core mass of the progenitor is supposed to be com-
parable to the stellar mass at the time of explosion, which
is estimated as ∼ 5 M⊙ by summing the masses of the
ejecta and the neutron star. The He core mass of ∼ 5 M⊙
implies an initial mass of ∼ 16 M⊙ (e.g., Woosley et al.
2002) with possibly several tens of percent of uncertain-
ties. We note that this mass is close to the upper limit of
Type II-P SNe (∼ 15M⊙, Smartt et al. 2009). For a com-
parison, the progenitor star of the SN 1993J, the proto-
typical SN Type IIb, was a red supergiant (Nomoto et al.
1993, and references therein) with a main sequence mass
probably in between 13 and 20 M⊙(Woosley et al. 1994,
and references therein).
Our analysis of the X-ray data suggests that Cas A
has been expanding in a dense RSG wind whose swept-
up mass is around 6 M⊙. This large mass of swept-
up RSG wind seems to indicate that the mass loss
of the Cas A’s progenitor might have been primarily
via the RSG wind. However, stellar evolution mod-
els, with commonly adopted mass-loss rates for RSG
stars (e.g., de Jager et al. 1988), predict significantly
less mass loss via the RSG wind for a single ∼16 M⊙
star (e.g., Woosley et al. 2002). For the progenitor of
SN 1993J, the mass loss is attributed to Roche lobe
overflow in the binary system (Stancliffe et al. 2009, and
references therein). This was supported by the possi-
ble existence of a binary companion (Maund et al. 2004;
Maund & Smartt 2009). A similar binary system also
has been suggested for Cas A (e.g., Young et al. 2006),
although no companion star has currently been identi-
fied. We note, however, that the mass loss rate of cool
stars such as RSG stars is largely uncertain, and mod-
els may have underestimated the mass loss during the
RSG phase. For example, stellar pulsations may trigger
an unusually strong wind which substantially increases
the mass loss rate in the RSG phase. Yoon et al. (2010)
suggested that, if that happens, a single 20 M⊙ star can
explode as a Type IIb SN after losing most of its hydro-
gen envelope.
6. COSMIC RAY ACCELERATION
So far we have neglected effects of cosmic ray accel-
eration in our analysis. However, the existence of X-ray
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nonthermal filaments around Cas A clearly indicates that
electrons are accelerated up to the TeV energies. Obser-
vations also suggest that magnetic fields are amplified at
the shock, which suggests the acceleration of cosmic ray
protons (see Reynolds 2008, for a review). Modeling
of the broadband nonthermal emission from the radio to
the gamma-ray bands indicates acceleration of protons
as well (e.g., Berezhko et al. 2003). Inclusion of cosmic
ray acceleration will change the self-similar solutions we
used, where a principal effect of efficient cosmic ray accel-
eration would be a reduction of the distances between the
forward shock and the reverse shock, as demonstrated in
the Tycho SNR by Warren et al. (2005). However, the
tendency of increasing density and decreasing temper-
ature toward the contact discontinuity is not likely af-
fected (Decourchelle et al. 2000). Thus, our conclusion
that Cas A is expanding inside a wind remains valid
even though cosmic acceleration is efficient in Cas A. On
the other hand, we might have overestimated the wind
density, as the cosmic ray acceleration can increase the
postshock gas compression ratio. For a strong relativistic
shock, the compression ratio would be 7. The compres-
sion ratio will be further increased if accelerated cosmic
rays efficiently escape the system.
We have assumed that the thermal emission we ana-
lyzed is from the postshock gas. In particular, we as-
sumed that those regions we used for azimuthal analysis
represent postshock gas right behind the forward shock.
However, most of these regions are located beyond the
nonthermal filaments that are the locations of forward
shocks. We note that the intensity of the nonthermal
filaments varies along the boundary, and it is particu-
larly faint in the western boundary where the thermal
emission is clearly seen. In this regard, we consider that
the thermal emission beyond the nonthermal filaments
are likely a projection of different shock fronts. It indi-
cates that not all outer shocks of Cas A accelerate cosmic
ray electrons efficiently enough to show X-ray nonther-
mal filaments. An interesting possibility is that the mean
expansion velocity of the shock front with nonthermal X-
ray emission is slower than those without nonthermal X-
ray emission. Understanding differences of these shocks
may provide valuable insight on the cosmic ray accelera-
tion in the shocks.
7. SUMMARY
Using a 1 Msec Chandra observation, we present our
detailed analysis of the blast wave in the Galactic SNR
Cas A. By analyzing the X-ray emission from the shocked
ambient gas, we have studied the nature of the ambient
medium around Cas A, and also the nature of the pro-
genitor star. Our results provide observational evidence
of Cas A interacting with the RSG winds from the pro-
genitor star.
• After removing spatially-varying background com-
ponents, we identified faint emission, with no
prominent limb-brightening, around the outer
boundary of Cas A.
• X-ray spectra of these regions are well fit with the
emission from a thermal plasma of subsolar abun-
dances, indicating they are shocked ambient gas.
• In the western boundary where nonthermal emis-
sion is relatively weak, we extracted a radial series
of spectra. Comparison with self-similar solutions
of Chevalier (1982) indicates that Cas A is cur-
rently expanding inside a wind, rather than a uni-
form medium.
• The postshock density estimates from the spectra
of the outermost shocked wind range between 3 and
5 cm−3, implying a preshock wind density of ∼ 1
cm−3 at the current outer radius of Cas A (∼ 3
pc). The high density of the wind suggests that it
is a dense wind from a red supergiant (RSG) star.
• Combined with results of Chevalier & Oishi (2003),
our measurements suggest that the ejected mass
during the SN explosion was about ∼ 4M⊙, im-
plying total mass of the star (including the mass
of the neutron star) at the explosion of ∼ 5 M⊙.
Since Cas A was Type IIb SN (Krause et al. 2008),
we estimate ∼ 16 M⊙ as the initial mass of the
progenitor star.
• Our estimated explosion energy of 5 × 1051 erg
is larger than that of normal core-collapse SNe
(∼ 1051 erg), although not unprecedented for Type
IIb SNe (Hamuy et al. 2009). On the other hand,
the explosion energy would have been overesti-
mated if wind density is overestimated, and the
uncertainties in our estimates allow for a lower ex-
plosion energy.
• Our results suggest that the swept-up mass of the
RSG wind is about 6 M⊙. This indicates that the
progenitor of Cas A may have lost its mass primar-
ily via the RSG wind.
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